Continuous-feed nanocasting process for the synthesis of bismuth nanowire composites
3
SBA-15 and KIT-6 mesoporous silica templates SBA-15 was synthesized by dissolving 4 g P123 in 120 mL 2 mol/L HCl solution and 30 mL distilled water at RT. Next, the solution was heated to 45 °C and 9.1 mL TEOS was added while vigorously stirring for 5 h. Subsequently, the mixture was aged at 90 °C for 18 h under static conditions. Finally, the precipitate was collected via filtration, dried overnight at RT, and calcinated at 550 °C for 6 h in air with a heating rate of 2 °C/min. 2 KIT-6 was synthesized by dissolving 4 g P123 in 150 mL 0.5 mol/L HCl solution and 4.9 mL butanol at RT. Next the solution was heated to 35 °C and 9.2 mL TEOS was added while vigorous stirring. The mixture was stirred at that temperature for 24 h and subsequently aged at 90 °C for 24 h under static conditions. Finally, the precipitate was collected via filtration, dried overnight at RT and calcinated at 550 °C for 6 h in air with a heating rate of 2 °C/min. 3 Low angle X-ray powder diffraction data (XRPD) of SBA-15 and KIT-6 are shown in Figure ESI 1a , indicating that the synthesized KIT-6 mesoporous silica possesses a cubic, interconnected pore system with the -space group symmetry, while SBA-15 ̅ 3
shows a hexagonal ordered pore system. Figure ESI 1b and c show respectively the N 2 sorption 6
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isotherms and the BJH pore size distribution plot of both silica templates. The pore diameter according to the BJH model was calculated on the desorption branch of the isotherm. Typically, SBA-15 had pores with a diameter of approximately 7.5 nm. The BET surface area and pore volume were typically between 600 and 1000 m 2 /g and 0.7 to 1 mL/g, respectively. The pore diameter of KIT-6 was generally approximately 7 nm, while the BET surface area ranged from 700 to 900 m 2 /g and the pore volume from 0.8 to 1.2 mL/g. SBA-15 was used as template material for the synthesis of Bi nanowires for TEM analysis, while KIT-6 mesoporous silica was used as template for the preparation of mesoporous Bi for N 2 sorption analysis and for the electric measurements of a Bi -SiO 2 (KIT-6) nanowire composite. 
4
Continuous-feed nanocasting process The impregnation procedure developed in this research is based on the double solvent method 4 and incipient wetness technique 5 . The example in Figure ESI 3 explains both methods. In Figure ESI 3a-c, a 0.5 mL titania peroxo solution was added to 50 mL toluene. Due to the immiscibility of both solvents, a two-phase system forms. Upon the addition of 1 g SBA-15 with a pore volume of 1 cm 3 /g, the coloured solution infiltrates the silica template. Since the volume of precursor solution is lower than the total pore volume of the mesoporous silica, all precursor was impregnated inside the template through capillary impregnation. The term "incipient wetness"
indicates that the amount of precursor solution added to the template was less or equal to its pore volume.
Consequently, deposition of precursor outside the template is prevented. It can be understood from the example that the template's pores are filled with a diluted precursor solution. Consequently, the amount of metal salt deposited inside the pores depends on the metal concentration of the precursor solution. In contrast to the double solvent method, the process presented here makes use of refluxing non-polar solvent with a boiling point higher than water, such as toluene, xylene, or n-octane. The polar precursor solution is added continuously and the total volume added is many times larger than the template's pore volume. By means of a Dean-Stark separator, all water from the metal precursor solution is removed from the system while the metal solution immobilizes inside the template's pores, which enables the complete filling of the template with the metal salt by impregnation of a diluted precursor solution. A PFA round bottom flask was used since its hydrophobic properties prevent the wetting of the internal surface or the reaction vessel. The low addition rate of the aqueous precursor solution to the dispersed silica was chosen to ensure that the amount of precursor solution added was always lower than the total pore volume of the template.
Both mesoporous silica templates, SBA-15 and KIT-6, were impregnated using the same procedure described below. Prior to the impregnation of either of the silica templates, the pore volume was Table ESI 1. The impregnation setup depicted in Figure ESI 4 was used for the synthesis of bismuth nanowires and nanocomposite structures. An aluminium heat exchanger was used for efficient heating of the PFA round bottom flask. A syringe pump was used to inject the precursor solution in a controlled manner, whereas the temperature of the heater controlled the evaporation rate of the aqueous solution. Note that the simplicity of the system did not allow us to monitor the rate of water removal by means of the Dean-Stark separator.
Vandaele et al. Since the molecular weight of the precursor salt is typically higher and the density lower than the desired product, volume constriction of the impregnated precursor during the conversion of, e.g., a metal salt to its oxide or metallic form is inevitable. However, the loading efficiency of a certain material can be enhanced if the difference in molecular weight between the decomposed precursor and the target product is reduced. The decomposition of BiCl 3 to BiOCl during the impregnation is an example how the pore loading can be enhanced. To obtain a better understanding of the decomposition process of the precursor salt during the impregnation, TGA measurements were performed. The thermal decomposition of Bi(NO 3 ) 3 .5H 2 O and BiCl 3 in air is shown in Figure ESI 6 . It can be calculated from the analysed mass loss that the nitrate salt lost 4.4 hydrate water molecules when heated to 108 °C, the boiling temperature of toluene, while a mass loss equivalent to 6 water molecules was obtained at 125 °C, the boiling temperature of n-octane. The Rietveld refining data calculated from the recorded X-ray diffraction pattern is reported in Table   ESI 3. It is shows that a minimum temperature of 250 °C and a reduction time of 10 h is required to reduce BiCl 3 in N 2 H 4 vapour to metallic Bi. In the absence of hydrazine vapour, very little Bi phase was formed when reduced at 265 °C in Ar-5% H 2 . Although a minimum temperature of 250 °C was required to reduce bulk BiCl 3 powder with N 2 H 4 , the nanocomposite powders were typically reduced at 220 °C. We believe that the highly exposed surface area facilitated the reduction of BiCl 3 -silica nanocomposite powder. Also, we can see from TEM analysis that bismuth leached out of the pore channels upon increasing reduction temperature to 265 °C, as shown in Figure   ESI 9. The occurrence of bismuth outside the template can be either by leaching of BiCl 3 precursor due to the formation of a melt at 228 °C, or due to the melting of Bi. 
Figure ESI 4. Schematic representation of the continuous-feed nanocasting setup for the impregnation of a polar

However, this has not yet been confirmed by HR TEM, as oxidation occurs during TEM sample preparation
After completing the nanocasting process, the replica was separated from the silica template by etching the silica using a 1 mol/L sodium hydroxide solution for 3 h. The nanostructures were recovered through centrifugal separation and washed 4 times with water and ethanol. The N 2 sorption isotherms of mesoporous Bi replicated from a KIT-6 mesoporous silica is shown in Figure ESI 11 The nanowire composite powder was sintered at 230 °C for 20 min in a vacuum under a uniaxial pressure of 50
MPa and subsequently cut for further analysis. Note that all steps of the sample preparation and electrical measurements were performed in an inert atmosphere.
The effect of the sintering process on the mesoporous silica template was studied by comparing the pore volume of as-synthesized KIT-6 template and template compressed at 230 °C for 20 min at a pressure of 50 MPa, the same conditions subjected to the KIT-6-Bi nanocomposite. The pore volume of the obtained mesoporous silica pellet was reduced by 23% compared to the original powderous KIT-6 sample. Considering the small fraction of Bi inside the template's pores (29 v%), the reduction in pore volume was not considered detrimental for the synthesis of nanocomposite samples.
Further, TEM analysis of KIT-6-Bi nanocomposites after SPS sintering was performed to confirm the presence of Bi nanostructures in the pelletized sample ( Figures ESI 13) . The TEM sample was prepared by grinding a sintered KIT-6-Bi pellet in a mortar and dispersing the powder in isopropanol by sonication for 1h. The sample was analysed on a Lacey/Carbon 200 Cu grid. It can be seen from the TEM image in Figure ESI 13 that the Bi nanostructures remained predominantly embedded within the silica template during the sintering process. Consequently, the presence of Bi nanostructures within the nanocomposite sample was confirmed via both TEM analysis and electrical resistivity measurements.
